Abstract: A scheme of all-optical multilevel phase quantization with high accuracy based on multiwave interference is proposed. The influences of the amplitude ratios of the conjugate (N − 1)th and (N + 1)th harmonics to the signal on phase quantization accuracy are researched. The characteristics of the phase quantization output with the amplitude ratios variation are discovered. By using the proposed scheme, the output phase is more concentrated than that of the traditional method for multilevel phase quantization. The simulations show the effectiveness of the scheme for the three levels quantization and the application of four levels quantization to the quadrature phase shift keying signal regeneration.
Introduction
The method of quantization is mainly achieved in electric domain, but it cannot meet the requirement of the high speed optical signal processing owing to the electronic bottleneck. Compared with electric quantization, all-optical quantization has the potential of realizing optical analog-digital conversion (ADC) rapidly, immediately and efficiently [1] . Recently, all-optical quantization is generally applied to amplitude quantization of intensity modulation signal [2] - [5] . As the application of the phase modulation signal, which carries information by phase and can increase the spectral efficiency [6] , the all-optical phase quantization shows its tremendous application prospect in fiber communications as well as photonic computing and all-optical analog-to-digital conversion [7] .
All-optical phase quantization can be reached by utilizing the phase squeezing capability of phase sensitive amplifier (PSA) [8] , [9] . The traditional all-optical phase quantization is realized by interference of the signal occupying every phase state and the corresponding harmonic, which can be generated by four-wave mixing (FWM) in highly nonlinear fiber (HNLF) [7] . In this two-wave interference scheme, the phase-phase characteristics is not much step-like, which means the accuracy of the quantified output phase is not much high. The optimal amplitude ratio of the phase modulated signal and the corresponding harmonic which influences the degree of the phase squeezing has been discussed in [10] . Reference [11] shows a method that can adjust the ratio precisely by using a polarization controller to control the polarization angles of the signal and harmonic. However, these measures have not fundamentally improved the quantization accuracy. Reference [12] , [13] used the interference of the signal and two harmonics to reduce the bit-error rate in optical phase regeneration system, which is also sensitive to the amplitude noise due to the Kerr effect [14] . However, the method is not suitable for phase quantization with high accuracy.
In order to realize all-optical phase quantization with high accuracy, a scheme of multi-level phase quantization is proposed in this paper. Compared with the existing methods, the proposed scheme, by utilizing multi-wave interference, can squeeze the phase of the input signal violently to improve the quantization accuracy, as a nearly ideal step-like phase-phase transfer characteristics can be obtained. Meanwhile, the scheme can be used for regenerating the phase encoded signals.
The rest of this paper is organized as follows. In Section 2, the deficiency of the existing two-wave scheme and the operating principle of the proposed multi-wave interference quantization schemes are described in detail. In Section 3, we introduce the simulation configuration and give the results of the three levels quantization and the application of four levels quantization to the quadrature phase shift keying (QPSK) signal regeneration. Phase variances are calculated to evaluate the effectiveness of the scheme. Finally, we draw the conclusions in Section 4.
Operating Principle

The Deficiency of the Existing Scheme
The principle of phase quantization can be understood from the perspective of light vector addition. In the situation of two-wave interference, the transfer function is given by [7] :
here, A out and ϕ out are the amplitude and phase of the quantified output signal. ϕ i n is the phase of the input signal. N is the number of quantization levels and the coefficient m 1 is the amplitude ratio of the conjugate (N-1)th harmonic to the input signal.
The principle of the three levels quantization is shown in Fig. 1 , the signal vector e jϕ rotates in counterclockwise when ϕ increases from 0 to 2π, meanwhile, harmonic vector e −j2ϕ rotates in clockwise at twice the speed of the signal vector e jϕ . The two light vectors will interfere constructively Obviously, the higher accuracy quantization can be realized when the total areas of the striped and the grid shaded areas are closer to zero. However, this condition cannot be achieved in the case of two-wave interference because of the opposite variation tendencies of the two shaded areas, which means it is not enough to reach the higher accuracy quantization by simply changing the amplitude ratio m 1 .
Multi-Wave Interference Phase Quantization
In order to achieve the all-optical quantization with high accuracy, we propose the multi-level quantization scheme by utilizing multi-wave interference, which can be written as: 
here, n is the number of interference harmonics. m n is the amplitude ratio of the corresponding harmonic to the input signal. The symbol stands for the rounded up operation. For N levels quantization, the required accuracy can be obtained by selecting the number of interference harmonics n and the corresponding optimal values of the coefficients
The reason of the quantization result of the three-wave interference scheme better than that of the two-wave method can be explained as follows. For two-wave interference to achieve the N levels quantization, either the (N + 1) th or the conjugate (N − 1) th can be used to interfere with the input signal. When the (N + 1) th harmonic is used alone, the transfer function can be written as:
here, the coefficient m 2 is the amplitude ratio of the (N + 1) th harmonic to the input signal. The constellation diagram of the three levels quantization by using 4-th harmonic is illustrated in Fig. 3(a) . The target quantified phases of 0, 2π/3, 4π/3 (dash line) are diffused and amplified and the quadrature phases are squeezed and attenuated.
By utilizing the characteristics, when the 4-th harmonic is added to the traditional scheme, the shaded areas are closer to zero, which indicates the accuracy quantization is improved. The mathematic expression of three-wave interference scheme can be given by:
By adjusting the coefficients m 1 and m 2 , the results of phase quantization with three-wave interference scheme are shown in Fig. 3(b)-(d) . Compared with the two-wave interference method, the scheme can solve the over quantization problem to make the quantified phases more concentrated. When m 2 is negative, the quantization gain axis will rotate 2π/N rad, which is more suitable to realize the simultaneous amplitude and phase regeneration for the flattened phase-amplitude and the sharpened phase-phase transfer characteristics [12] . In our scheme, the positive m 2 is used, which is more suitable for the phase quantization with high accuracy.
To demonstrate the effectiveness of the proposed scheme further, four-wave interference scheme is also studied. Simulated results are shown in Fig. 4 . The mathematic expression of four-wave interference can be given as following:
the coefficient m 3 is the amplitude ratio of the conjugate (2N − 1) th harmonic to the input signal. The optimized three levels quantization result of four-wave interference is shown in Fig. 4(a) . Furthermore, the phase-phase transfer characteristics is more approaching the ideal step-like curve than that of the two-or three-wave interference scheme, which are illustrated in Fig. 4(b) . It shows the quantization accuracy is improved with the increase of the number of the interference waves. 5 . Principle scheme of the three levels phase quantization by three-wave interference. The upper branch is used to generate the conjugate 2-nd harmonic and the lower one is used to generate the 4-th harmonic. By the interference of the 2-nd, the 4-th harmonics and the input signal in the optical combiner, the three levels phase quantization is realized.
Simulation Configuration and Results
Three Levels Quantization Scheme and Results
The simulation configuration of three-wave interference to realize the three levels quantization is shown in Fig. 5 . A 100 MHz sinusoidal wave is sent through a phase modulator (PM) to generate the signals occupying every phase state. The signal (193.13 THz) and the pump1 (193.10 THz, 100 mW) are sent to HNLF1 (500 m, 13.2 W −1 km −1 ) to generate the harmonics of different orders by cascaded FWM. H1' (193.16 THz) and H4 (192.98 THz), 2ϕ and −4ϕ respectively, are filtered out by the frequency selective switch and sent to two different branches (the upper and the lower). In the upper branch, H1', combined with pump1 and pump2 (193.19 THz, 500 mW), is launched into HNLF2 (500m, 13.2 W −1 km −1 ) to generate the conjugate 2-nd harmonic S1 at the frequency of the input signal. In the lower branch, H4, pump1 and pump3 (193.01 THz, 500 mW), are injected into HNLF3 (500 m, 13.2 W −1 km −1 ), and then the generated 4-th harmonic S2 is filtered out with center frequency of the input signal. Finally, the conjugate 2-nd harmonic S1, the 4-th harmonic S2 and the input signal are interfered in the optical combiner and the three levels phase quantization is realized.
The simulation is implemented by solving the coupled nonlinear Schrödinger (NLS) equations with the use of the split-step Fourier method. Nonlinear effects of four-wave mixing (FWM), selfphase modulation (SPM), and cross-phase modulation (XPM) are taken into consideration. While other nonlinear effects as stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) are neglected. The constellation diagrams of the input and quantified signals are illustrated in Fig. 6 . The input signal [ Fig. 6(a) ] which occupies every phase state is quantified into three levels by two-wave and three-wave interference method. The phase distribution of quantified signal by three-wave interference [ Fig. 6(c) ] is more concentrated on the target phases than the quantization by twowave interference [ Fig. 6(b) ]. The simulation results shown in Fig. 6(d) indicate that the phase-phase transfer characteristic of the three-wave interference is closer to the ideal step-like curve.
The phase distribution histograms of the two-wave and three-wave interference quantified signals are illustrated in Fig. 7 . The phase variances of two-and three-wave interference scheme are calculated to be 3.38 and 2.44 respectively, which means the phase quantization accuracy is improved by 27.8%. Compared with the two-wave interference method, the scheme complexity shown in Fig. 5 will be increased mainly due to the higher order harmonic needed. However, the phase quantization accuracy can be much improved with limitedly increased system complexity.
The Results of QPSK Signal Regeneration
The multi-level phase quantization scheme can be used for the multiple phase shift keying signal regeneration. Replacing the signal laser in Fig. 5 by a QPSK signal transmitter, and reconfiguring the frequency selective switch for the necessary harmonics, the setup can be used for the QPSK signal regeneration. A 10 Gbit/s QPSK signal (193.13 THz) and pump 1 (193.1 THz, 280 mW) with a linewidth of 100 KHz are injected in HNLF 1 (500 m, 13. simulation of regenerating the QPSK signal by utilizing the existing scheme is also implemented as comparison. The constellation diagrams and phase histograms of the regenerated signals are illustrated in Fig. 8 .
The emulated phase noise imposed to the input signal is modulated using a phase modulator, driven at a single-frequency close to 100 MHz. The variance of the emulated phase noise imposed is 1.22 rad (70 degrees). The constellation diagram of the input QPSK signal with phase noise is shown in Fig. 8(a) . By interfered with the conjugate 3-th harmonic, the input signal is regenerated, as shown in Fig. 8(b) . Compared with Fig. 8(b), Fig. 8(c) demonstrates the effectiveness of the proposed scheme, in which the phases of the regenerated signal are more centralized. If the amplitude regeneration is also necessary, the amplitude regeneration whilst phase preservation configuration [15] can be used, and the result is shown in Fig. 8(d) . The output phase distribution histograms of the two-and three-wave interference schemes for QPSK signal regeneration are given in Fig. 8(e) and (f). The phase variances are 0.0321 and 0.0140, which means the accuracy is improved by 56.4%.
Conclusion
An all-optical phase quantization scheme with high accuracy is proposed, which is achieved by multiwave interference phase sensitive amplifier. We have demonstrated the effectiveness of the scheme by applying it to the three levels quantization and the QPSK signal regeneration. Compared with the quantization results by existing methods, the quantized phase variances with the proposed scheme are reduced by 27.8% and 56.4% respectively. The decrease of the phase variance indicates that the output phase states are more concentrated and the quantization accuracy is improved.
